Abstract In this paper a kinetic model for simulating population dynamics is developed. The aim was to simulate anoxic and aerobic phosphorus accumulating organisms dynamics in a lab-scale sequencing batch reactor (SBR) operating under different conditions. Denitrifying phosphorus accumulating organisms (DNPAOs) successfully competed in almost all the simulated operational conditions tested. Using this model, the anoxic energy disadvantage of DNPAOs was not as strong as using metabolic models. The model was able to predict reasonably well N, P and acetate profiles in the SBR with only a minor modification of the ASM2d default values of the parameters.
Introduction
Although anoxic phosphorus uptake has been demonstrated in several lab-scale and fullscale plants, sometimes Phosphorus Accumulating Organisms (PAOs) activity in anoxic conditions is very low, even in systems operating with alternate anaerobic/anoxic/oxic phases (Wentzel et al., 1989a (Wentzel et al., , 1989b Ekama and Wentzel, 1999) . The conditions that could stimulate or inhibit anoxic phosphorus uptake are still unknown. After analysing the results of Wentzel et al. (1989a Wentzel et al. ( , 1989b , Barker and Dold (1996) suggested that the unobserved anoxic phosphorus uptake could be possibly due to the low TKN/COD ratio in the influent wastewater and, consequently, to low nitrate levels recycled back to the anoxic reactor. Using a metabolic model, Filipe and Daigger (1999) have simulated the growth of Denitrifying PAOs (DNPAOs) and PAOs in a sequencing batch reactor (SBR) with anaerobic/anoxic/oxic phases. Simulating several operational conditions, these authors concluded that, although DNPAOs can grow in both anoxic and oxic phases, they have a significant disadvantage relative to PAOs because of: (1) the lower efficiency of utilisation of stored polyhydroxyalkanoates (PHAs) under anoxic conditions and (2) the lower aerobic growth rate resulting from the reduced amount of the stored organics due to the partial utilisation in the previous phase (anoxic).
Other experimental evidence with a lab-scale SBR have shown the difficulties of achieving anoxic phosphorus uptake with only anaerobic/anoxic conditions. In these experiments, a good anoxic phosphorus uptake was achieved by adding an oxic phase at the end of the cycle. This result demonstrated that the anoxic disadvantage was not sufficient to cause aerobic PAOs dominance. Moreover, an oxic phase following an anoxic one seemed to stabilise the enhanced biological phosphorus removal (EBPR) process (Bortone et al., 1998; Spagni et al., 2001) .
In this study a mathematical model for the simulation of DNPAOs and PAO population dynamics in different SBR operational conditions is proposed. The proposed model is based on the Activated Sludge Model No. 2d (ASM2d) (Henze et al., 1998) .
Compared to the ASM2d, in the model developed in this study, the process for anoxic P uptake was modified by adding a new component (X DNPAO ) for the denitrifying PAOs. At the same time, stored compounds had to be split in order to consider that PAOs and DNPAOs have their own stored compounds (PAOs may not use organics stored by DNPAOs and vice versa). Therefore, two additional components were introduced in the model: the polyphosphate (X DNPP ) and the PHA (X DNPHA ) content of DNPAOs. The X PHA storage process was split into two separate processes to consider the two different populations (X PHA storage by X PAO and X DNPHA storage by X DNPAO ). X PP storage by X PAO and X PAO growth were assumed to occur only under aerobic conditions, whereas X DNPP storage by X DNPAO and X DNPAO growth processes were split between aerobic and anoxic conditions. For each new component, a decay equation was included. A reduced yield coefficient (Y DNPAO ) was used for anoxic (DNPAOs) growth to account for the lower energy yield under anoxic conditions. The stoichiometry and the modified kinetic equations related to the developed model are reported in Tables 1 and 2 . In the model, the effect of growth nutrients and alkalinity were neglected. For all the other processes (hydrolysis, fermentation, etc.) the equations of the ASM2d were used (and they are not reported in the Tables). For the components that are not showed in Table 1 , the values of the stoichiometric matrix of the ASM2d were used. Switching functions were not used in the developed model. "Activating" functions (f ox , f anox and f anaer ) to switch on and off the processes were used based on the assumption that using SBRs there is no limitation by oxygen (aerobic process) or nitrate (anoxic processes), if the aeration device and the phase durations are well designed (or nitrate is added). In addition, this assumption excludes the possibility of kinetics limited by the electron acceptors. For all symbols that are not described in this paper, see Henze et al. (1998) . For all parameters, the ASM2d default values were used (Henze et al., 1998) .
Materials and methods
The system simulated was a 2 L SBR operated on a 6 hours cycle. The simulated cycles consisted of an initial anaerobic phase of 2 h followed by an anoxic phase of 1.5 h (nitrate was considered present at a concentration that does not limit the anoxic processes). The subsequently oxic phase was of 1.5 h. The cycles had a settling period of 1 h. At the beginning of each cycle, 0.4 L of feed was added instantaneously. Several operational conditions were simulated. Three sludge ages (5, 10 and 20 days), three S A (200, 800 and 2000 mgCOD L -1 ) feed concentrations and two phosphorus feed concentrations (20 and 50 mgP L -1 ) were simulated. Moreover, for every simulation two initial biomass concentrations were considered (X PAO and X DNPAO both equal to 400 mgCOD L -1 ; X PAO = 700 and X DNPAO = 100 mgCOD L -1 ). The anoxic disadvantage under anoxic conditions was simulated using either a reduced yield (Y DNPAO = 0.5) or a reduction factor (η NO3 ) for DNPAO growth. Where not reported, the ASM2d default values were used. The simulation results were compared to the experimental results obtained on a labscale 2 L SBR (fed with synthetic media) working with the same operational conditions simulated. Batch tests were carried out to compare the anoxic and the oxic P uptake. 1 L of sludge was fed with acetate and kept in anaerobic conditions. After 2 h the sludge was divided in two 1 L bottles: one was aerated, whereas in the other bottle nitrate was added. In the anoxic bottle, air was switched on according to the operational conditions (for details see Spagni et al., 2001) .
All simulations were conducted using Matlab/Simulink, Version 4.
Results and discussion
DNPAOs successfully competed in almost all the operational conditions simulated. The successful competition increased proportionally to the sludge age (Figure 1, left panel) . No relevant effects were observed using a reduced yield (Y DNPAO of 0.5 instead of 0.625 for the default values of the ASM2d) or a reduced growth factor (η NO3 ). This result could be explained by the high correlation between growth and yield constants. Significant effects were observed with different feed compositions and/or initial DNPAOs/PAOs fractions. Using an initial biomass ratio of 700PAOs/100DNPAOs the PAOs prevailed on the DNPAO for the entire duration of the simulation. In contrast, using a 400PAOs/ 400DNPAOs ratio, the two populations were rather balanced (Figure 1, right panel) . This
325 Table 2 Rate equations for processes associated to the developed model result highlights the importance of the initial biomass composition for achieving a good anoxic P uptake. The model was calibrated on experimental data of a batch test using step-wise "human expertise" adjustments of the parameters. The simulation results fit reasonably well the experimental data using the ASM2d default values of the parameters (Figure 2 ): Y PO4 was the only parameter that had to be changed from the default value (0.4 to 0.22). The simulation of Figure 2 was achieved using DNPAO and PAO concentrations of 1,000 mgCOD/L for both populations. These concentrations are relatively higher than those expected in activated sludge, even if we assume that the present system could select EBPR populations.
The greater discrepancy of the model is in the nitrate prediction. The denitrification rate was much higher than the modelled one. This inconsistency, together with the reduced Y PO4 , could be explained by the presence of other microorganisms able to accumulate acetate and than denitrify, that do not participate in the EBPR process.
Conclusions
DNPAOs successfully compete in almost all the simulated operational conditions studied. Using this model, the anoxic energy disadvantage of DNAPAOs is not as strong as using metabolic models (Filipe and Daigger, 1999) . These results are in agreement with other experimental results reported by Spagni et al. (2001) , where a good anoxic P uptake was observed using a lab-scale SBR operating under similar conditions. The model, based on a minor modification of the ASM2d default values of the parameters, was able to predict reasonably well N, P, and acetate profiles in the lab-scale SBR. 
